Conclusion: The applications presented show the wide possibilities of use offered by the theoretical approach of the calculation of the line width D. Each application has its own experimental conditions and, in particular, determines the size of [he interconnections. With this relationship all the parameters involved in the etching process are taken into account and it is possible to obtain the correct width without carrying out a new set of experiments.
Wide and continuously tunable sources are important for WDM applications. Tunable vertical cavity surface emitting lasers (VCSELs) have several desirable features specific to these applications: low threshold current, cost-effective wafer-scale testing, ease of 1D-and 2D-integration due to its surface normal topology, circular mode emission for ease of coupling into fibres, and continuous tuning due to the large Fabry-Perot mode spacing. More importantly, micromechanical tunable VCSELs have very simple tuning schemes and microwatts of tuning power. We recently reported micromechanical tunable VCSELs with a semiconductor cantilever design that achieved a tuning range of 19.1 nm centred at 965nm with a 3.3mA threshold and a peak power 40.2mW [I] .
Using a deformable metalldielectricisemiconductor membrane as the top mirror, Sugihwo et al. have demonstrated another tunable VCSEL with low output power [2] . Both are bottom-emitting devices.
A top-emitting micromechanical tunable structure is more desirable for optical coupling, packaging and integration considerations. For example, flip-chip bonding, which is usually required in the packaging of bottom-emitting lasers, is not feasible in this case. However, in general, fabrication of top-emitters is inore involved. Top-emitting lasers also require thicker top reflector stacks because the reflectivity cannot be compensated for by a thin layer of gold, as in the case for bottom-emitters. For our micromechanical devices, a thicker top mirror implies a thicker cantilever and thus a higher tuning voltage, but this can be readily compensated for by adjusting the width and length of the cantilever design. In this Letter, we present the first top-emitting tunable VCSEL with 20nm tuning, low threshold, and milliwatt range output over the whole tuning range. Furthermore, this device has a threshold of < -1 mA and a power of -1 mW over 11 nm of the tuning range.
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Fig. I Schematic diagram of topemitting micromechanical tunable VCSEL
A schematic diagram of the device is shown in Fig. 1 . The npn structure is grown on an n+ substrate by molecular beam epitaxy. The n-doped bottom distributed Bragg reflector (DBR) consists of 33.5 pairs of quarter-wavelength siacks. The active region is a one h spacer sandwiching three 80A In, 15Gq,BSAs quantum wells which are separated by IOOA GaAs barriers. The p-DBR consists of 4 mirror pairs of A&,Ga,,As/Al,,,Gq,As layers with the last Al, ,Ga, ,As layer being 314 1 thick and p + doped for contacting.
For current confinement, a 300A thick AlAs layer is grown at the A&,Gq,,As/A&,,Ga, ,As interface closest to the active region. A 1 . 4 1 p undoped GaAs sacrificial layer is grown above the p+ layer, followed by 20.5 pairs of ungraded A& lGa,, ,As/& ,Ga, ,As n-DBR.
This structure can be seen as that of a conventional laterally injected VCSEL, but with a tunable air gap layer in the top-DBR.
Wavelength tuning is achieved electrostatically by reverse-biasing the pn-junction between the n-doped cantilever and the p-doped DBR. As the reverse bias increases, the cantilever is attracted down towards the p+ contact, changing the phase of the reflection from the air-cantilever interface and thus the Fabry-Perot wavelength of the structure. The maximum tuning range is the structure's free spectral range as determined by its effective cavity length. In this case, the tuning range is designed to be 37nm, while the gain peak of the laser is designed to be at 950nm. Fabrication of this structure requires four masks. First, nickelgermanium-gold contacts are defined and evaporated onto the sample to form the top n-contact, followed by lithography and reactive ion etching (RIE) of the cantilever until the GaAs sacrificial layer is exposed. The mesa over which the cantilever hovers is then defined and etched by RIE again until the 300w thick AlAs oxidation layer is exposed. After a wet oxidation process at 425T, the p-metal contact is lithographically defined on the sample, and the i-GaAs sacrifical layer above the p+ contact layer is removed with a dry selective etch process [3] . Gold is subsequently evaporated on the p+ A],,Ga,,As layer. Finally, the cantilever is released from the mesa with another dry selective etch. The sample is measured at room temperature (22°C) with the substrate in contact with a heatsink. Fig. 2 shows the tuning spectra for one device ( 2 p n wide, 1 0 0~ long and 3pn thick cantilever with an 8 p n current aperture), when the active region is CW-pumped at 2.5mA. The strong transverse oxide modes at the long wavelength end are due to the gain peak at 930nm. (Note that the threshold current in this wavelength range is <0.8 mA.) As the tuning voltage increases and the lasing wavelength decreases past the gain peak, these higher order modes are suppressed. A continuous tuning range of 20.0nm (935.8 + 915.8nm) is achieved for tuning voltages between 0 and 16.8V. When the tuning voltage is increased further, the lasing spectrum contains multiple transverse modes with the fundamental mode at 942iim.
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Fig. 4 LI-and IV-characteristics of' laser at opposite ends of luning spectra
In conclusion, we report the first high performance, micromechanical tunable top-emitting VCSEL that continuously tunes over 20nm, has a threshold current between 0.76 and 1.91~4 and an output power between 0.92 and 1.9mW throughout the whole tuning range. Such a top-emitting tunable structure is highly desirable for easy optical and electrical packaging and for integration with other devices. The combination of the achieved high performance of low threshold and high power renders its practical implementation extremely feasible. Vertical-cavity surface-emitting lasers (VCSELs) operating at long wavelengths, such as 1.3 and 1.55p, are very promising low cost, high performance light sources for high capacity optical communications and data links. The introduction of high reflectivity ea&/ AI(Ga)As mirrors, wafer-bonded to 1nP-based quantum well (Qw) cavity layers, has enabled much progress in long wavelength VCSELs [1-4]. Recently, we proposed the application of oxygenimplanted confinement in a GaAsiAlGaAs mirror before waferbonding the GaAdAlGaAs mirror to an InP cavity layer 151. This structure has more flexibility in device design and fabrication.
With this design, we demonstrated 1.3 ptn VCSELs with the lowest room temperature continuous wave (CW) threshold current density (l.57kA/cm2) and the lowest CW threshold current ( I d ) of any long wavelength VCSEL [5] . Based on a similar design, we report here a record low pulsed threshold current density of 454A/ cm2 and a threshold current of 0.83mA at room temperature. The maximum pulsed operating temperature is 1 12°C. 
